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Abstract
The flash visual evoked potential (F-VEP), elicited by a 100 ms diffuse light flash presented at 2 Hz, was examined in the cat
primary visual cortex (Area 17). Intracortical F-VEP depth profiles were recorded to characterize waveform changes with
electrode depth. A positive surface component, with a latency of 200 ms, was the dominant waveform feature within the cortex,
reversing in polarity and increasing in magnitude as the cortex was penetrated. Other prominent components with latencies of 30,
50, 100, and 125 ms were also observed. Changes in the waveform with stimulus duration and illumination were examined and
revealed the sensitivity of prominent components to stimulus parameters. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction
The visual evoked potential (VEP) is the electrical
representation of the mass action of all cortical neurons
around a site of recording to a visual stimulus. The
VEP is therefore often used to assess the viability of the
visual system in both research and clinical settings (e.g.
Kraut, Arezzo & Vaughan, 1985; Schroeder, Tenke,
Givre, Arezzo & Vaughan, 1991; Aminoff & Goodin,
1994).
The VEP, evoked by flashes of diffuse light (F-VEP),
has been shown to change with cortical depth in rats
(Sjo¨strom, Conradi & Andersson, 1987), rabbits
(Arezzo, Brosnan, Schroeder, Litwak & Bornstein,
1988), dogs (Schroeder, Gibson, Yarrington, Heydorn,
Sussman & Arezzo, 1992), and monkeys (Kraut et al.,
1985; Schroeder et al., 1991). In a previous F-VEP
depth study in cats, no change in the F-VEP waveform
was observed with depth (Sjo¨strom, Abrahmsson,
Norrsell, Helgason & Roos, 1991). Because it seemed
unlikely that the cat would differ from both higher and
lower species, VEP depth profiles from Area 17 in the
cat were re-examined with the purpose of understand-
ing how the waveform changes with electrode depth.
Other observations concerning waveform timing and
amplitude, which varied with stimulus parameters, were
also made.
2. Methods
2.1. Animal preparation and recording
Experimental procedures followed the National Insti-
tute of Health guidelines for the use of animals and all
efforts were made to minimize the animals’ pain and
discomfort. Eight conditioned adult cats were anes-
thetized with ketamine hydrochloride (25 mg:kg intra-
muscularly) and acepromazine (3 mg) or sodium
pentothal (17.5 mg:kg intravenously) and surgical anes-
thesia was maintained with 2.5–5% pentothal. The two
saphenous veins and one femoral artery were cannu-
lated for drug administration and for systemic blood
pressure and blood gas monitoring, respectively. The
trachea was cannulated to allow for artificial ventilation
later in the experiment. The head was mounted in a
Kopf stereotaxic apparatus. A small hole (0.75 cm in
diameter) was trephined over the primary visual cortex* Corresponding author. Fax: 1-847-4914928.
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(Area 17) (2 mm posterior and 3 mm lateral of lateral
and anterior:posterior zero; Tusa, Palmer & Rosen-
quist, 1978) and the underlying dura was cut and
retracted. A small Plexiglas chamber was then attached
to the skull using dental acrylic (Duz-All, Bozworth,
Skokie, IL) and it was filled with a HEPES buffered
Ringer’s solution (pH 7.4) and sealed with a Plexiglas
top plate and an o-ring. The electrode was inserted
through a tube in the top plate and sealed with the aid
of a silicone rubber boot (Type 310 RTV, Dow-Corn-
ing, Midland, MI). The chamber system allowed for
electrode advancement and withdrawal while maintain-
ing physiological cerebrospinal fluid pressure. Pupils
were fully dilated (approximately 13 mm in diameter)
with topical atropine and phenylephrine and the cornea
was protected by a gas permeable contact lens.
The back of the cat was suspended to minimize
respiratory movement and atelectasis. During surgery,
the animal was also given urethane (200 mg:kg loading
dose; 22–44 mg:kg per h maintenance dose), which
became the only anesthetic during recordings. Cats
were paralyzed using pancuronium bromide (0.2 mg:kg
per h) or gallamine triethiodide (10 mg:kg per h) to
minimize mechanical artifacts and to allow control of
arterial blood gases and pH. Arterial blood samples
were collected periodically and analyzed (model 158,
Corning Medical and Scientific, Medfield, MA or
model 860, Chiron Diagnostics, Norwood, MA) for
pH, PO2, and PCO2. Respiration was altered to main-
tain pH between 7.35 and 7.45, arterial PO2 above 90
mmHg, and arterial PCO2 at approximately 30 mmHg.
Either double-barreled oxygen:voltage electrodes (5–
8 mm tip diameter) (Linsenmeier & Yancey, 1987) or
single-barreled voltage electrodes (51 mm tip diameter)
measured the local F-VEP. Both types of electrodes
were referenced to a Ag:AgCl electrode sutured into
fascia at the side of the skull. Single-barreled electrodes
were filled with 2 M NaCl, resulting in electrode resis-
tances of 12–20 MV. Double-barreled electrodes were
filled with either 0.9% NaCl or 3 M NaCl. The resis-
tance of these electrodes was approximately 100 and 15
MV, respectively. Data on intracortical oxygen tension
are reported elsewhere (Padnick, Linsenmeier & Gold-
stick, 1999).
Visual stimuli were produced by a tungsten iodide
bulb (maximum illumination 9.4 equivalent log quanta
(555 nm):deg2 s). A neutral density wedge was used to
attenuate the maximum illumination. Unless otherwise
indicated, the stimulus had an attenuation of 2 log
units, a duration of 100 ms, and a temporal frequency
of 2 Hz. This illumination was about 1 log until below
rod saturation and probably elicited rod-dominated
responses. The timing of the flash presentation was
controlled by a computer driven timer (A-65 Timer:
Stimulator, Winston Electronics Co., San Francisco,
CA) which in turn controlled a shutter (ST-2 shutter
driver, Winston Electronics Co., San Francisco, CA;
Uniblitz shutter, Vincent Associates, Rochester, NY).
Light was conducted from the optical bench to the eye
via a 0.25%% fiber optic bundle. Opal glass between the
fiber and the eye was used to diffuse the light stimulus.
The cat was dark adapted before VEPs were collected.
VEPs were recorded at electrode depths ranging be-
tween 0 and 2000 mm. The electrode was advanced with
a hydraulic microdrive (David Kopf Instruments, Tu-
junga, CA) in 3 mm steps through the cortex. The VEPs
were recorded at 50 or 100 mm intervals with a unity
gain amplifier (System M-707A, World Precision In-
struments, New Haven, CT) and fed through one chan-
nel of an oscilloscope (5111A, Tektronix, Beaverton,
OR) which amplified the signal by a factor of 1000. The
recording was then filtered (60 Hz notch filter, 0–50 Hz
bandpass) and digitized by a personal computer (486 or
pentium processor) at a frequency of 200 Hz under the
control of Labtech Notebook (Laboratory Technolo-
gies Corp., Inc., Wilmington, MA). Each VEP collec-
tion consisted of 50 stimulus presentations, of which
the last 46 were averaged by a Visual Basic program.
The averaged data was then stored as a computer file
for further analysis.
2.2. Data analysis
VEP component magnitudes were measured from the
prestimulus baseline or peak-to-peak as specified in the
text. The term component is used simply to name a
peak or a trough. The component latency was defined
as the time from flash onset (time zero) to the time at
which the maximum (minimum) of the peak (trough)
occurred. All components were named after the latency
and polarity as observed above the surface of the brain
(i.e. P200 indicates a positive surface component peak-
ing at 200 ms) in response to a stimulus of 100 ms
duration and a 2 log attenuation of the maximum
illumination. Components consistently appearing only
in intracortical recordings were named with their intra-
cortical latencies and are denoted with an i.
Current source density analysis was performed on
VEP depth profiles. Assuming constant resistivity
throughout the cortex (Mitzdorf, 1980), the flow of
current in the cortex that generates the potentials (f) is
proportional to the second derivative with respect to
space ((2f:(x2). This is solved for numerically with the
5-point difference formula,
(2f(x, t)
(x2

1
7h2
[2f(x2h)f(xh)2f(x)
f(xh)2f(x2h)]
where, x is electrode depth and h is the inter-recording
space (Kraut et al., 1985).
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3. Results
Fig. 1 shows surface F-VEPs from four cats in re-
sponse to a 100 ms diffuse flash presented at a fre-
quency of 2 Hz. Surface F-VEPs were somewhat
variable among animals, however there were three
prominent components in the waveform. There were
two positive-going components that peaked at approxi-
mately 100 and 200 ms and one negative-going compo-
nent that peaked at approximately 125 ms. These
components will be referred to as P100, P200, and
N125 in both surface and intracortical recordings, even
though their timing changed with illumination and:or
stimulus duration. Also, in two of the eight cats the 200
ms component was negative at the surface.
3.1. Depth profiles
Fig. 2 shows F-VEP depth profiles from two cats.
The most prominent components were P100, N125,
P200, and the intracortical features at approximately 30
and 50–80 ms (i30, i50). Dashed lines allow tracing of
the components through the cortex. Surface compo-
nents are indicated by arrows in the surface trace.
Intracortical features are indicated by arrows on the
deepest trace of each series. A polarity inversion of
Fig. 2. F-VEP depth profiles from two cats. The profile on the left
(cat 174) demonstrates, in detail, the surface F-VEP and how the
prominent components, P100, N125, and P200 change with depth as
the cortex is penetrated. The depth profile on the right (cat 190)
shows a broader view of how waveform components change with
depth. The dotted lines mark surface components throughout the
cortex and arrows indicate the major intracortical components (i30,
i50) on the deepest recording of each series. The depth at which the
recordings were collected is indicated next to each trace. The horizon-
tal bar represents the 100 ms diffuse light flash. Note the difference in
scales between A and B.
Fig. 1. Surface F-VEPs from four different cats. Two positive compo-
nents at approximately 100 and 200 ms (P100 and P200) and one
negative component (N125) were the most consistent in surface
recordings. Each trace represents the average of 92 responses. The
horizontal bar represents the 100 ms diffuse light flash.
P200 from positive to negative generally occurred at an
electrode depth between 50 and 200 mm.
In all cases, P200 dramatically increased in amplitude
until an electrode depth of 700–800 mm was reached as
shown from four cats in Fig. 3. At this point, its
amplitude decreased or plateaued. The amplitude of
P200 was measured from the prestimulus baseline.
In general, the amplitudes of other components
changed much less with depth than P200. The changes
in amplitude of i50, P100, and N125 with recording
depth are shown in Fig. 4. Both P100 and N125 were
measured from the preceding component (i.e. P100
from i50, N125 from P100) and i50 was measured from
the prestimulus baseline. None of these components
inverted over the depth range studied.
A current source density (CSD) analysis was per-
formed by taking the spatial second derivative of the
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Fig. 3. The change in amplitude of P200 with electrode depth in four
cats.
sponding to early components. The CSD profile is
shown for cat 190 in Fig. 5. Based on comparison
with more extensive CSD analyses in monkey
(Schroeder et al., 1991), and the expectation that the
earliest components should arise in layer 4, the main
thalamocortical recipient area for X and Y cells in
cat (e.g. Gilbert, 1983), depths of 1400–1700 mm were
tentatively identified as corresponding to layer 4. At
these locations there was a current source (positivity
in the trace) or sink (negativity) between about 40
and 100 ms. The other penetration (cat 173) showed
an early sink, occurring at shallower depths (700–900
mm), suggesting that this electrode penetration was
more perpendicular to the cortical layers. This differ-
ence between cats in the depth of the early compo-
nent is consistent with the flatter amplitude profiles
for cat 190 in Figs. 3 and 4.
Fig. 5 also shows a source-sink combination in the
presumed layer 4 at later times (from 160 to about
220 ms), but more of the activity at this time was
superficial to the early responses, between 450 and
1000 mm. Much of the late activity appears, therefore,
to be generated by layer 2:3. A similar result was
obtained in cat 173.
voltage waveforms with standard algorithms that used
five voltage traces. In only two cats were the penetra-
tions deep enough to reveal sources and sinks corre-
Fig. 4. The change in amplitude of intracortical component, i50 (), and surface components P100 () and N125 () with electrode depth in three
cats.
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Fig. 5. A current source density profile for Cat 190. A positive current
flow indicates a current source and a negative current flow indicates
a current sink. The depth of each trace is indicated to the right. The
horizontal bar represents the 100 ms flash and the vertical bar
represents 5 mV:mm2.
with flash illumination are expected based on the re-
sponses of individual retinal neurons, including pho-
toreceptors (e.g. Schneeweis & Schnapf, 1995) and
ganglion cells (Levick & Zacks, 1970; Bolz, Rosner, &
Wassle, 1982). The P200 component tended to have a
more constant latency as stimulus strength was varied
until the illumination was very low (closed symbols in
Fig. 7B).
3.3. Stimulus duration
Varying the duration of the diffuse light flash caused
changes in some of the F-VEP waveform components
(Fig. 8). Recordings were collected at an electrode
depth of 500 mm in one cat (Fig. 8A) and 1000 mm in a
second cat (Fig. 8B). Regression analysis of component
timing vs. the duration of the stimulus indicated that
i50, P100, and N125 were not effected by flash dura-
tion, however the P200 component significantly shifted
in a linear fashion for both cats.
The effect of stimulus duration was also examined at
three light levels in one cat (1, 2, and 3 log unit
attenuation). At all three illuminations, the time-to-
peak of P200 shifted with stimulus duration by about
the same amount as shown in Fig. 7 (slopes of 0.68 ms
Fig. 6. Stimulus intensity series with light attenuation varying be-
tween 1 and 5 log units. The series were recorded at 500 mm (A) and
1000 mm (B) in different cats. The horizontal bar represents the 100
ms diffuse light flash.
3.2. Stimulus intensity
Fig. 6 shows the changes in the F-VEP waveform
with varying stimulus illumination, indicated here as
attenuation from the maximum. Recordings were all
made at a fixed depth of 500 mm in one cat (A) and
1000 mm in another cat (B). As the stimulus strength
decreased over 5 log units, the earlier component
(N125) was relatively constant in amplitude, but the
magnitude of the later negative component (P200)
varied, having a maximum amplitude with a stimulus
attenuation of 2 log units (Fig. 7A). The N125 compo-
nent had a much longer latency with weaker flashes, as
emphasized by the N125 arrows on Fig. 6 and the open
symbols in Fig. 7B. All components occurring earlier
than N125 showed a similar increase in latency with
decreasing stimulus strength. These changes in timing
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Fig. 7. (A) Amplitude changes in N125 () and P200 () with
varying stimulus attenuation for the illumination series in Fig. 6. (B)
Latency changes in N125 and P200 with varying stimulus attenua-
tion. Data from cats 179 and 190 were recorded at 500 and 1000 mm,
respectively.
many anesthetics (Rapp & Basinger, 1982; Flecknell,
1995), but we cannot rule out the possibility that anes-
thetic depth varied somewhat. It should be pointed out,
however, that there is variability in recordings from
awake animals as well (Schroeder et al., 1991).
In order to obtain each averaged response within a
short time, the noise in each individual response was
reduced by using a lower high-frequency cut off (50 Hz)
than would be used for standard surface recordings
(Harding, 1995). This probably resulted in some attenu-
ation of early, high frequency components in the F-
VEP. On the other hand, slower components were
better preserved in our recordings, since the low fre-
quency cutoff was 0 Hz, rather than the more typical 1
Hz.
4.1. Depth profiles
The F-VEP served as a good indication of electrode
penetration. Though the waveforms varied between
Fig. 8. Stimulus duration series from two cats. (A) Data from cat 179
were recorded at an electrode depth of 500 mm. (B) Data from cat 190
were recorded at an electrode depth of 1000 mm. The regressions of
component latency versus stimulus duration indicate that early com-
ponents (i.e. i50, P100, N125) were not significantly affected by the
stimulus duration, however the late component (P200) was affected.
Regression slopes for P200 were (a) 0.719 (r0.988) and (b) 0.305
(r0.987). Stimulus onset was at time zero for all recordings.
time-to-peak per ms of flash duration at 1 log unit
attenuation, 0.72 ms:ms at 2 log unit attenuation, 0.72
ms:ms at 3 log unit attenuation; all slopes significantly
different from zero, P0.011). At no illumination did
the time-to-peak of N125 shift significantly with stimu-
lus duration (slopes of 0.02–0.14 ms:ms).
4. Discussion
We have characterized some aspects of the VEP
recorded intracortically in the cat primary visual cortex
in response to diffuse flashes of light. Major features of
the potentials were similar across cats, but there was
some variability. First, recording depth may not have
corresponded to actual cortical depth, since the cortex
may not have been penetrated perpendicular to the
surface in all cases. This is suggested by data in Figs. 3
and 4. The waveform changes in cat 190 occurred over
a greater distance than in cat 173, suggesting that the
former penetration may have been more oblique and
the later more perpendicular to the cortical layers. It
was not possible to recover electrode tracks in these
experiments, so this point remains uncertain. A second
source of variability may have been the level of anesthe-
sia, since this is known to influence the VEP (Sannita,
1991; Lamme, Zipser & Spekreijse, 1998). Urethane
probably influences retinal and brain activity less than
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cats, several components were observed consistently.
The data showed that the F-VEP changes with
recording depth in the cat. This is consistent with
recordings in other animals (Kraut et al. 1985; Arezzo
et al. 1988; Schroeder et al., 1991, 1992), although
this has not been found previously in cats (Sjo¨strom
et al., 1991). The most useful component in terms of
assessing penetration depth was P200, which changed
in the most consistent and obvious way.
P200 has not been reported as a prominent compo-
nent in previous F-VEP studies. Signals are often ex-
amined only 150–200 ms after stimulus onset. Also,
because the component occurred late (200 ms)
when the flash was of relatively long duration (100
ms), it may have been overlooked or not previously
recorded. This component was observed with flash
durations of 10 ms as well, although it had a shorter
latency. The linear regressions for P200 in Fig. 8 sug-
gest that this component would peak around 150 ms
for very brief flashes.
4.2. Stimulus duration
Varying the stimulus duration allowed separation
of components related to the on-set and off-set of
illumination. The latencies of the earlier prominent
components (i.e. i50 and N125) were not affected by
stimulus duration and are therefore responses to stim-
ulus onset.
The P200 component peaked at a time that in-
creased linearly with the stimulus duration (Fig. 8B).
This suggests that P200 is related to the offset of
illumination. It is, however, not a pure off response
because the regression slope would have been unity if
that were the case.
Identification of a response component with the on-
set or offset of illumination does not imply that in
one case only the ON pathway (i.e. ON-center cells)
and in the other case only the OFF pathway gener-
ated these components. The pathways involved can-
not be determined from the present data, because ON
and OFF cells both exhibit changes in firing at the
onset and offset of illumination, and any change
could give rise to a VEP component.
No mention of a cortical off-response has been
found in the literature, perhaps due to the short du-
ration (B5 ms) of the flashes commonly used for
F-VEP stimuli (Harding, 1995). Fig. 8A shows that as
the stimulus duration shortens, the two prominent
negative components (N125 and P200) begin to
merge. Perhaps with the more common, almost in-
stantaneous strobe flash the two components become
even less distinguishable than they are with the 10 ms
flash and may be misinterpreted as one waveform fea-
ture.
4.3. Origin of VEP components
The present data, in concert with information in
the literature, provide some limited insight in the
origin of the potentials. In the study of Schroeder et
al. (1991) in awake monkeys, the earliest VEP com-
ponent (N40) was generated by the thalamocortical
recipient layer 4C. The next consistent response (P60)
came from layers 2 and 3. Still later components
could not be identified with a simple bipolar source:
sink distribution in Area 17, and were thought to be
generated partially, at least, by extrastriate influences.
Mitzdorf (1985) presented a single example of a
strobe-evoked CSD in cat, which also indicated that
the earliest activity was in layer 4, followed by activ-
ity in layer 3 and then in layers 2 and 5. This corre-
sponded in sequence, but not absolute timing, to
electrically-evoked activity (Mitzdorf & Singer, 1978;
Mitzdorf, 1985). In the present work, it is likely that
early potentials were also generated in layer 4, the
apparent depth of which was variable, judging from
voltage profiles and CSD analysis. The shape of the
profile probably depended most on the angle of elec-
trode with respect to the cortical layers. While a per-
pendicular penetration of 2 mm should traverse the
entire grey matter, it seems that our deepest penetra-
tion was probably not perpendicular and only
reached the bottom of layer 4, which is about 75% of
the way through the cortex (e.g. Gilbert, 1983). The
best CSD analysis of P200 (cat 190, Fig. 5) suggested
that this component was of dual origin. Some of
P200 appeared to be generated in the same layer as
the early components, which is reasonable if P200 is
partially an early cortical response to the offset of
illumination. A substantial part of the later compo-
nents, however, including P200, appeared to be gener-
ated more superficially, in layers 2 and 3. This is not
surprising given the origin of later VEP components
in monkey, and the finding that layers 2 and 3 are
the next stage of processing in cat (Mitzdorf &
Singer, 1978; Ferster & Lindstrom, 1983; Mitzdorf,
1985). A separation of the parts of P200 that are
related to the onset and offset of illumination could
perhaps be made by shortening the flash duration, to
eliminate discrete off-responses, or by lengthening it
in order to separate late illumination onset responses
from early illumination offset responses.
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